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Abstract 
ARTEMISS (Automatic Retrieval of Temperature and 

Emissivity using Spectral Smoothness), is a method based on (1) 
in-scene atmospheric transmission estimation, (2) matching of 
the transmission to a database and (3) retrieving a spectrally 
smooth emissivity by an iterative method is used on hyper-
spectral data. 

1. INTRODUCTION 

1.1 Multi-spectral Temperature-Emissivity 
Separation 
The central problem of temperature-emissivity separation is, as 
pointed out by Realmuto, 1990, that we obtain N spectral 
measurements of radiance and need to find N+1 unkowns (N 
emissivities and one temperature).  In the past, several methods 
(Assumed channel 6 emittance model: Kahle et al., 1980; 
Emissivity Spectrum Normalization (ESN): Realmuto, 1990; 
thermal log and alpha residual: Hook et al., 1992 and Mean-
Maximum Difference (MMD): Matsunaga, 1993) have been 
developed to retrieve surface emissivity and temperature from 
multi-spectral data (TIMS).  

 

1.1 Hyper-spectral Temperature-
Emissivity Separation 
Hyper-spectral data in the thermal regime requires different 
processing from the processing done of hyper-spectral data in the 
reflective regime. Rather than just retrieving the surface 
reflectance as in the 0.4 to 2.5 micron region, we must also take 
into account the self-emission due to radiation of the surface at 
some temperature T which is modulated by the emissivity of the 
material. For low emissivity materials, the surface-leaving 
radiance contains also a reflected down-welling component. The 
intervening atmosphere absorbs some of the surface leaving 
radiance and adds path radiance. To analyze hyper-spectral 
thermal data, it is thus necessary to correct the data for the 
atmospheric effects to retrieve surface emissivity and 
temperature. This process is commonly called 
temperature/emissivity separation (TES) and only a few 
algorithms exist for hyper-spectral data. One is the In-Scene 
Atmospheric Correction (ISAC) algorithm by Johnson and 
Young, 1998 and 2002 and the other we know of is the 
Autonomous Atmospheric Compensation by Gu et al, 1999. In 
1996 we found that we could vary the atmospheric parameters 
such as water vapor and atmospheric temperature and also vary 
surface temperature in small steps to compute the emissivity. 
When the surface temperature is just right the emissivity is 
smooth, i.e. has no atmospheric features present.  

2. In-Scene Atmospheric Correction  
Typical scenes are composed of many materials with different 
emissivities and temperatures. In the thermal region, there are 
many materials such as water, vegetation and certain rough 
surfaces (where multiple reflections occur) which have a high 
and featureless emissivity spectrum. Thus, these surfaces behave 
almost as blackbodies. The ISAC method can be broken down 
into the following sequence of steps: 

1. We select a wavelength 
�

0 such that the transmission 
through the atmosphere is high (τ~1) and the path radiance 
is negligible (Lp~0.).  

2. The ISAC method assumes that the emissivity � (
�
)=� 0 has a 

constant value (e.g. � 0=0.95), thus we can compute the 
apparent brightness temperature:    
TB(i,j)=BB-1(

�
0,Lm(

�
0,i,j))/ � 0 

of a surface from the inverse Planck function.  

3. For another spectral region where the atmosphere is not as 
transparent, we measure the radiance:  
Lm(

�
,i,j)=B(

�
,TB(i,j))τ+Lp.  

A scatter plot of the computed radiance B(
�
,TB(i,j)) on the 

X-axis and the measured radiance Lm(
�
,i,j) on the Y-axis for 

all pixels (i,j) shows typically a pattern as shown in Figure 
1. The highest points for a given bin on the X-axis 
correspond to pixels which originate from blackbody-like 
surfaces. Points below appear cooler than what one would 
expect from the estimate at wavelength 

�
0 and thus originate 

from surfaces where the emissivity is smaller than unity 
(graybody).  

4. Next we fit a straight line to the upper boundary of the 
points for many bins along the X-axis and from the simple 
linear model for the radiance of a blackbody at the sensor, 
we find then that the slope is proportional to the 
transmission τ(

�
) and the intercept (B(

�
,0)=0, where the 

surface temperature is zero) is proportional to the path 
radiance Lp. By performing this fitting for each wavelength 
�
, we derive a transmission spectrum which looks like an 

atmospheric transmission spectrum. A feature of the 
spectrum is that the transmission is unity and the path 
radiance is zero for 

�
= 

�
0. If there are other wavelengths 

where the transmission is higher than at 
�

0, then the 
estimated transmission will rise above unity which, of 
course, is physically impossible. Similarly, it can then 
happen that the estimated path radiance is negative. 
Schemes (Johnson and Young, 1998) exist to iteratively fix 
the transmission and path radiance to make them physically 
realistic.  

5. The emissivity retrieved by the ISAC method is then given 
by:  � (

�
,i,j)=[Lm(

�
,i,j)-Lp(

�
)]/[B(

�
,TB(i,j))τ(

�
)].  
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We found, however, that there will always be small differences 
introduced in spectral regions where no blackbody-like surfaces 
exist. Also if the temperature range of the scene is small, e.g. 
under night time conditions, the fitting of a line produces noisy 
slopes and offsets.  

It is important to remember that the ISAC method assumes high 
emissivities in general, and thus neglects the reflected down-
welling radiance in the full radiative transfer equation. For an 
arbitrary surface emissivity we need to consider the reflected 
down-welling sky radiance Ld: 

( , ) (1 ) .m d pL B T L Lε λ τ ε τ= + − + (1.1) 

 

 

Figure 1   In-Scene Atmospheric Correction using 
regressions 

3. Surface Emissivity and Atmospheric 
Transmission 
It is a common observation that thermal-infrared spectra of solids 
are much smoother than thermal-infrared spectra of gases.  This 
difference is due to the fact that spectral features of solids tend to 
be fairly wide, whereas those in a gas tend to be narrower.  The 
width of a given spectral feature is inversely proportional to the 
lifetime of the transition which created it - short lifetimes give 
wide features whereas long lifetimes create narrow features.  In a 
solid, the individual molecules are bound together, creating a 
coupled and highly complex vibrational system.  As a result, the 
lifetimes of excited states tend to be short because they get 
disrupted by thermal motions (or ``phonons'') within the crystal 
lattice.  In a gas, however, the individual molecules are isolated 
and tend to be simpler.  There are thus fewer potential 
phenomena to disrupt an excited state, resulting in longer 
lifetimes and narrower spectral features. 

4. Spectrally Smooth Emissivity Retrieval 
Algorithm 
The main idea is that we can solve the equation for the measured 
path radiance Lp for the unknown emissivity �  using an estimate 
of the blackbody ground temperature Test derived in an 
atmospheric window assuming a “ typical" emissivity of � 0=0.95. 
Then we vary the blackbody temperature in a range of 
temperatures near Test  and compute the emissivity � (

�
). 

Iteratively we compute the smoothness of the spectral emissivity 
and select the smoothest emissivity as the best estimate � opt(

�
). 

We found this method to produce very reasonable results under 
the condition that we also need to vary the atmospheric 
temperature T(

�
), cumulative water vapor and ozone amount to 

bring the estimated emissivities close to well known emissivities 
such as that of water.  In Figure 2 we show emissivities of 
various natural surface types (Salisbury, 1992). Note that they 
tend to reach high emissivities in the 11.5-12.5 � m region. 

 

Figure 2   Emissivites of various natural surfaces from 
Johns Hopkins spectral library  

Now a more detailed description of the algorithm includes the 
following steps:   

1. Solve eq. (1.1) for � :  

( ( ) )

m d

est d

pL L L

B T L

τ
ε

λ τ
− −

=
, −

, (1.2) 

where the estimated ground temperature Test  is given by: 

01

0

0

(1 )m p d

est

L L L
T B

ε
λ

ε τ
τ− − − −

= , ,

� �
� �� � (1.3) 

where 
�

0 is a wavelength where the atmosphere is highly 
transmissive and � (

�
) is typically set to 0.95. Using eq. (1.3) in 

(1.2) usually results in an emissivity spectrum which shows some 
atmospheric line features.  
2. To get rid of the atmospheric features we search for a 
temperature offset � T such that the emissivity � opt(

�
) becomes 

smooth. A good criterion for smoothness is the standard 
deviation �  of the difference between the computed emissivity 
� opt(

�
) and a boxcar averaged version of � opt(

�
)  is minimized. In 

other words, we search a � T such that the following equation is 
minimized:
 	�
������������	�
�������� �"!#	�	�
"$"%�
'&() *�+ *�+, - .

, (1.4)

where STDEV is the standard deviation and smooth is a 3-point 
average of the emissivity.  
3. A problem is that the up- and down-welling path radiances 
and transmission are usually not known unless a radiosonde was 
launched at the time of the measurement recording the 
temperature and humidity profile. To find the correct atmosphere 
is a crucial step for the smooth emissivity retrieval to work. If the 
wrong temperature or humidity profile is used, we find that the 

B( / ,TB) 

Lm( / ) 

Intercept ~ Lp( / ) 

Graybody 
pixels 

Blackbody 
pixels 

Slope ~ τ( / ) 
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emissivities are shifted and the retrieved temperature is offset 
from the true temperature. If we know what the emissivity is for 
a given region in the data, then we can determine the necessary 
offsets in temperature and emissivity to correct the data.  

4.1 A Method to Find the Best 
Atmosphere 
The retrieved emissivity is only usable if we can find an 
atmosphere which is very close the actual conditions. For high 
resolution (e.g. better than 1 cm-1 sampling), it is possible to 
invert measured radiance spectra of the broad-band sky radiance 
in atmospheric windows by (e.g. AERI instrument of the 
University of Wisconsin). These high spectral resolution 
instruments use line broadening to estimate the temperature at 
different altitudes. Dispersive imaging sensors rarely achieve a 
resolution finer than 2-3 wavenumbers. The coarse spectral 
resolution makes it impossible to measure line broadening. 
Imaging spectrometers are used to sense the Earth’s surface and 
are thus restricted to atmospheric windows, e.g. from 7.5 to 13.5 

� m. Furthermore, the background is the Earth’s surface which is 
almost always warmer than the atmosphere. Thus, atmospheric 
features appear in absorption rather than emission as with sky 
radiance measurements, which in turn makes it harder to 
estimate the atmospheric temperature. The cumulative water 
vapor in the atmosphere is also highly variable on scales of 10’s 
of kilometers. Ozone is another gas which can vary from region 
to region and needs to be corrected for data from sensors flying 
above 10 km altitude. 

Originally, we tried to perform the temperature emissivity 
separation using a simple 1-layer model for the atmosphere 
(Borel, 1997). Since the absorption due to water vapor is highly 
non-linear and does not follow the exponential Beer’s Law, it is 
necessary to use more accurate data. One of the most advanced 
codes for the spectral regime and resolution of interest is 
MODTRAN from the Air Force Research Laboratory (Berk et al, 
1999). This code allows the atmosphere to be specified in N 
layers with different temperatures and relative humidities with 
many other options such as aerosol models, other gas 
concentrations, etc. The output contains the necessary elements 
which we call the TUD (for transmission, up-welling, down-
welling radiance) for ARTEMISS: (1) transmission τ( / ), (2) path 
radiance Lp( / ) and (3) down-welling radiance Ld( / ). 
The algorithm described above is simple except that there are 
potentially many atmospheres giving a smooth but physically 
incorrect emissivity. A major practical problem is the efficient 
searching for the correct atmosphere. Until now we have used 
look-up table (LUT) to store the TUD which often contains 
hundred to thousands of atmospheric cases. To find the best 
candidate atmosphere from the LUT we found that the ISAC 
method provides a good first estimate of the atmospheric 
transmission. Thus, we devised a hybrid algorithm which we call 
ARTEMISS which uses ISAC as a first step to find a number of 
candidate atmospheres, based on a simple criterion such as 
maximizing the R2 in a linear regression or the cosine of the 
spectral angle when performing the vector dot product of the 
estimated transmission with a LUT transmission. For each of the 
candidate atmospheres, the smooth emissivity retrieval method is 
applied in M randomly or from a spectral angle classification 

chosen test pixels. A counter for the atmospheric case with the 
smallest �  is updated for each test pixel. The atmospheric case 
with most votes is declared a winner. Finally the full entries from 
the TUD-LUT (Lp, Ld and τ) are then used to retrieve the 
temperature and emissivity for all pixels using the smooth 
emissivity retrieval. 

In Figure 3 we show a series of curves of retrieved emissivities 
when the temperature is varied. Notice that the atmospheric 
absorption/emission features seem to disappear when the 
retrieved emissivity is smooth.  In Figure 4 we show how the 
smoothness varies as a function of temperature offset � T. Note 
the sharp minimum will be filled in if there is a difference 
between actual and assumed atmosphere, sensor noise and 
spectral shifts.  

In Figure 5 we show a flow diagram of the simulation software 
we developed to compute the sensitivity of the temperature 
emissivity separation result to atmosphere and sensor changes. 
Since data from current sensors is not “perfect”  we found that it 
is necessary to use simulated data. With this simulation system 
we can study many different sensor configurations and compare 
algorithm variations to find an optimum combination to achieve a 
certain performance. 

 

Figure 3   Smooth emissivity retrieval using different 
temperature offsets from -10 to 10 K in steps of 0.5 K.  

 
Figure 4   Smoothness as a function of temperature 

offset � T 
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Figure 5   Simulation flow diagram for the sensitivity 

study of ARTEMISS 

5. Conclusions 
Hyperspectral sensors with 100 or more channels are necessary 
to accurately retrieve temperature, emissivities and atmospheric 
parameters. A new hybrid method has been developed which 
uses the smoothness of the spectral emissivity to retrieve 
temperature and emissivity. A good atmospheric correction is a 
necessary condition to retrieve accurate surface temperatures and 
emissivities.  

In the future we need to perform a sensitivity study to investigate 
the effect due to calibration errors (spectral and radiometric) and 
sensor noise. We need to investigate the problem of mixed pixels 
and potentially devise nonlinear un-mixing methods. We should 
study the use of low-emissivity surfaces to retrieve down-welling 
path radiances.  
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